Algae, bacteria, and zooplankton were counted in samples drawn from 120-and 150-m2 high-rate algae ponds (those used for wastewater treatment). The fraction of nondegraded organic matter was estinated by comparing the ratio of biological and chemical oxygen demands and the bacterial, algal, and zooplankton counts to volatile suspended solids. With pond effluent quality at an acceptable level (around 18 mg of dissolved biological oxygen demand), the algae/bacteria ratio was around 1:100 or even higher, the zooplankton count was negligible, and the bacterial concentration was approximately 1011 cells per liter by direct count. The data for bacteria exceeded those of earlier studies by one to three orders of magnitude.
There is growing worldwide interest in development of efficient treatment methods for domestic and industrial wastes, concurrently with the need for alternative sources of protein and water. This fact has stimulated increasing efforts in the study and control of treatment systems based on biological processes, which appear to be the most versatile solution to the problem.
Use of algae as means ofwastewater treatment and protein production, pioneered by Oswald, Gotaas, and co-workers (18) (19) (20) , began to gain momentum in the late 1960s. The practical and economic aspects of the process were studied by Golueke and Oswald (8) . The technology of the algal pond, and its potential as an alternative source of protein and renovated effluent, were also presented in later studies (2, 3, 15, 27) .
In the high-rate algae pond (HRAP), the algae grown on wastewater under adequate sunlight conditions establish a mutually beneficial relationship with aerobic bacteria (24, 25) . The algae utilize carbon dioxide and the nutrients produced through aerobic bacterial degradation of the organic matter, provided by the wastewater. The algae subsequently release oxygen by photosynthesis. This oxygen is utilized by the bacteria, which also mineralize such nutrients as nitrogen and phosphorus, thereby bringing the nutrient recycling process to near completion. Thermodynamic considerations indicate that nearly 300 bacterial units are required to ensure the necessary carbon dioxide supply per algal unit; this figure refers to ideal conditions, whereas under the practical conditions of the HRAP the algae/bacteria ratio is about 1:250, and an alternative source of CO2 may have to be considered to keep the system in thermodynamic equilibrium (Azov, unpublished data, 1978) .
The economic value of this type of pond is considerable. The quality of the reclaimed effluent renders it suitable for a variety of purposes, whereas the algae can serve as a valuable source of protein in fish (10, 21) and chicken (9, 16) In the present study, pond depth was maintained between 35 and 45 cm by means of a standpipe which carries the overflow into the main sewage system and also assists with the harvesting process. An average flow rate of about 10 cm/s was generated by a cage (brush) aerator. Retention time in pond A ranged from 2 days in summer to 10 days in winter (varying in accordance with meteorological conditions, mainly solar radiation and temperature); in pond B it was kept constant at 4 days, with a view to evaluating the commercial applicability of the system.
The main algal species found in the two ponds during the experimental period were Micractinium quadrisetum in winter (November 1976 -February 1977 and Micractinium pusillum in summer, the average annual yield (dry basis) being over 35 g/m2 per 570 day. The zooplankton consisted of rotifers and ciliated protozoa.
Effluent samples were drawn three times a week and subjected to BOD and chemical oxygen demand (COD) analysis; total and dissolved BOD and COD were determined conventionally (1). Suspended matter, organic or inorganic, was estimated from the total and volatile suspended solids (VSS) (25) . Total suspended solids (TSS) were determined by filtering the pond effluent through analytical glass-microfiber paper (Whatman GF/A) and drying it to constant weight at 105°C; VSS (ash-free) was determined by ashing the filtrate to constant weight at 550°C. (It usually constitutes 85% of the total suspended solids.)
The algal cells were identified and counted by means of a standard hemacytometer chamber. Cell dry weight was determined by standard methods, with modifications introduced at Technion (24) . (Dry cell weight is commonly accepted as 10 to 15% of the wet weight. As a check, an axenic culture of Scenedesmus dimorphus was isolated from pond A and grown under aseptic conditions on Chu-10 medium. Both TSS and VSS were determined, and algal cell concentration was estimated empirically under the microscope. A series of such assays showed that dry cell weight is 18 to 20% of the wet weight. Since most of the other algal species in the ponds belong to the Chlorophyta family, the value of 20% was finally adopted.)
The zooplankton concentrations were determined by the Utermohl method (14, 26, 29) . For bacterial assay, two methods were used: (i) the conventional method, involving nutrient agar medium, under 48-h incubation and a temperature of 25°C; (ii) a direct counting method based on the Gram-staining technique and a calibrated ocular micrometer grid (23) , which recovered most of the bacteria expected in the oxidation pond. This direct method was adopted in view of the fact that not all bacterial species in the HRAP could be grown on nutrient agar (11) .
RESULTS AND DISCUSSION Biomass balance considerations. Under satisfactory operation conditions, the dissolved BOD and dissolved COD in the pond effluent were approximately 18 and 95 mg/liter, respectively. The biomass balance is given by the equation:
1(Balg + Bzpk1 f(OM) + Bbct (2) 
i.e., nearly one-third of the biomass consisted of the combined nondegraded organic matter and bacteria. Taking the weight of a bacterium as 10-12 g (this value was adopted, as most bacteria were similar in shape and size to Escherichia coli [13] ) and their concentration as 109 cells per liter (19, 20) , then the total weight of the bacterial population would be nearly 1 mg/liter, a negligible amount. Accordingly, since the sum [f(OM) + Bbct] equaled about 100 mg/liter, practically all of it would be represented by nondegraded organic matter, indicating the need for further degradation to meet the standards of wastewater treatment. Such an anomaly can be explained by claiming the bacterial count to be two to three orders of magnitude larger than the algal count. As it turned out ( Fig. 1 and 2 ), the actual bacterial biomass was approximately 60 mg/liter and the residual organic matter was around 40 mg/liter, i.e., within standard requirements (12, 28) . Patterns of algal biomass and related bacterial biomass are given in Fig. 1 and 2 , respectively. The algal yield was lowest in winter but increased toward the summer (the results for April and May are based on interpolation data from other months, as well as on data from the previous year). Since retention time in pond A was adjusted according to the seasonal fluctuations of solar radiation and temperature, its average algal yield in summer was higher than in pond B, over 200 mg/liter against 160 mg/liter (dry weight basis). These results indicate that, under favorable operation conditions and high algal productivity (May to August), the fraction of algae in the total biomass exceeded its counterpart in the bacterial biomass by a factor of 3 to 5. This is confirmed by the amount of residual nondegraded organic matter as per equation 1, based on the direct counting method (method ii) and shown in Fig. 3 .
The residual nondegraded matter underwent only slight fluctuations around the 40-mg/liter level, as noted earlier. Only pond B, operated under constant retention time, showed some increase in winter (January through April, Fig. 3 DCW, dry algal cell weight).
concentrations of the ponds, and though the operational policies in the two ponds. pond effluent BOD never exceeded the U.S. Figure 4 shows that the bacterial count, N1, Secondary Treatment (28) and Israel Standards according to the direct counting method was (12) , the average final dissolved BOD concentra-larger by two to three orders of magnitude than tion ranged from 11 to 33 mg/liter in both ponds. that done with the conventional method (N2). The yearly average concentration of the dis-The average seasonal values of the ratio N1/N2 solved BOD was 18 and 24 mg/liter in ponds A were 145 and 148 for ponds A and B, respecand B, respectively. This difference in effluent tively. This is in agreement with the results that quality in terms of BOD is due to the different bacterial biomass concentration in the pond ef- fluent is in the range of 30 to 80 mg/liter; hence, of magnitude larger than that of the algae (Table  the residual nondegraded matter [f(OM)] is re-2). duced up to 40 mg/liter. These findings, as well Kinetic model. To confirm the field findings, as the BOD and residual nondegraded organic they should be compared with theoretical results matter data (around 18 and 40 mg/liter, respec-derived from a kinetic model. The kinetic model tively), explain the conflict with those of pre-for an HRAP necessitates the following assumpvious findings (19, 20) , according to which algal tions, with mass conservation as the keynote: (i) and bacterial concentrations in oxidation ponds uniform distribution of suspended organisms in should be of the same order of magnitude, about the effluent under continuous mixing; (ii) negli-109 cells per liter. One way to account for this is gible evaporation and seeping losses; (iii) no to assume a bacterial count two to three orders nutrient deficiency within the pond. The microbial growth rate in the reactor is adequately described by first-order reaction kinetics: 
The microbial mass concentration X is also given by: X= N.p (6) where p is the weight of a bacterium (10-9 mg), and N is the number of units per volume. Then, by substituting equation 6 into equation 5, the resulting expression for N is obtained: Table 1 shows that bacterial count according to the direct method is of the same order of magnitude as that according to the kinetic model, but the actual level of the latter value was mostly lower (100 x 109 to 140 x 109 cells per liter). This is probably due to the low sensitivity of the model to slight changes in retention time and in the temperature of the effluent. Additional factors contributing to the discrepancy are as follows.
(i) Neither the growth yield coefficient (equation 4) nor the feed substrate concentration is really constant the year round; the former appears to vary with climatic conditions, and the latter also varies (although over a fairly narrow interval).
(ii) There are fluctuations in the specific weight of the bacteria and water content.
(iii) Imperfect mixing, under which the decay coefficient Kd can be significantly affected by washout or settling, with the consequent inaccuracy in the bacterial biomass concentration data is a factor.
In conclusion, it can be stated that under favorable operating conditions with high algal productivity, the algae/bacteria ratio in the HRAPs was of the order of 1:100 or even larger. This accounts also for the previous observations of apparent sufficiency of carbon dioxide in the ponds.
The algae/bacteria ratio serves as a criterion of pond operation and may be used as a guideline for the changes required to increase algal growth and improve effluent quality.
